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1
VANE PUMP

BACKGROUND OF THE INVENTION

The present invention relates to vane pumps.

Japanese Patent 3631264 discloses a vane pump which
includes a rotor provided with vanes extending radially of the
rotor, wherein each vane is mounted in a slot, wherein each
slot extends radially of the rotor. The vane pump includes first
and second arc-shaped recesses formed to face an annular
region in which a proximal end portion of each slot is located.
The first arc-shaped recess corresponds to a suction region in
which pumping chambers expand and suck working fluid
along with rotation of the rotor. The first arc-shaped recess is
supplied with a suction-side hydraulic pressure. The second
arc-shaped recess corresponds to a discharge region in which
the pumping chambers contract and discharge working fluid
along with rotation of the rotor. The second arc-shaped recess
is supplied with a discharge-side hydraulic pressure.

SUMMARY OF THE INVENTION

In such a vane pump as disclosed by Japanese Patent
3631264, each vane is subject to the hydraulic pressure sup-
plied to the corresponding arc-shaped recess and the centrifu-
gal force resulting from rotation of the rotor, and is thereby
pressed to project from the corresponding slot of the rotor so
that a distal end portion of the vane is brought into contact
with an inner peripheral surface of a cam ring surrounding the
rotor. When the rotor is rotating at low speed, it is possible that
the centrifugal force is insufficient so that the vane does not
fully project form the slot but remains out of contact with the
inner peripheral surface of the cam ring. This condition may
cause a large shock and noise by hard collision between the
vane and the inner peripheral surface of the cam ring when the
proximal end portion of the corresponding slot begins to
overlap with the second arc-shaped recess and receive the
higher hydraulic pressure of the discharge side from the sec-
ond arc-shaped recess.

In view of the foregoing, it is preferable to provide a vane
pump capable of operating without causing such problems.

According to one aspect of the present invention, a vane
pump comprises: a pump body; a rotor housed in the pump
body, and configured to rotate about an axis of rotation,
wherein the rotor includes an outer periphery formed with a
plurality of slots; a cam ring housed in the pump body, and
arranged to surround the outer periphery of the rotor, and
configured to move with eccentricity with respect to the axis
of rotation of the rotor; and a plurality of vanes mounted in
corresponding ones of the slots of the rotor, and configured to
project from the corresponding slots, and separate an annular
space between the rotor and the cam ring into a plurality of
pumping chambers; wherein the pump body includes a first
inner surface facing an axial end surface of the cam ring and
a first axial end surface of the rotor, and defining axial ends of
the pumping chambers; the first inner surface of the pump
body includes a suction port, a suction-side back pressure
port, a discharge port, and a discharge-side back pressure
port; the suction port is located in a suction region in which
each of the pumping chambers expands along with the rota-
tion of the rotor; the discharge port is located in a discharge
region in which each of the pumping chambers contracts
along with the rotation of the rotor; the suction-side back
pressure port is located to hydraulically communicate with a
proximal end portion of a first one of the slots under condition
that the vane corresponding to the first slot is in the suction
region; the discharge-side back pressure port is located to
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hydraulically communicate with a proximal end portion of a
second one of the slots under condition that the vane corre-
sponding to the second slot is in the discharge region; the
suction port and the suction-side back pressure port are com-
monly subject to a suction pressure; the discharge port and the
discharge-side back pressure port are commonly subject to a
discharge pressure; the rotor includes a second axial end
surface opposite to the first axial end surface, wherein the
second axial end surface includes a recess; the vane pump
further comprises: a vane cam mounted in the recess of the
rotor, and configured to move with eccentricity with respect
to the axis of rotation of the rotor; and a cam port formed in a
surface of the pump body facing the vane cam, and configured
to hydraulically communicate with the recess of the rotor; the
vane cam includes an outer peripheral surface configured to
contacta proximal end of each of the vanes, and configured to
cause the projection of the vanes along with the rotation of the
rotor; and the vane cam hydraulically separates the proximal
end portion of the first slot from the proximal end portion of
the second slot. The vane pump may be configured so that the
cam port is subject to the suction pressure. The vane pump
may be configured so that: the vane cam includes a through
hole extending axially of the vane cam, wherein the through
hole allows a drive shaft to pass through, wherein the rotor is
rotated by the drive shaft; the pump body rotatably supports
the drive shaft on both axial sides of the rotor; and the through
hole of the vane cam has an inner peripheral surface, wherein
the inner peripheral surface is out of contact with the drive
shaft under condition that the vane cam is maximally eccen-
tric with respect to the axis of rotation of the rotor. The vane
pump may be configured so that the inner peripheral surface
of'the through hole of the vane cam is configured in a manner
that the vane cam seals the proximal end portions of the slots
under condition that the vane cam is maximally eccentric with
respectto the axis of rotation of the rotor. The vane pump may
be configured so that the pump body includes a front body and
a rear body, wherein the recess of the rotor in which the vane
cam is mounted faces the rear body. The vane pump may be
configured so that the vane cam has a disc-shape. The vane
pump may be configured so that the outer peripheral surface
of'the vane cam has a diameter smaller substantially by twice
a length of each vane than an inner peripheral surface of the
cam ring.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a block diagram showing configuration of a con-
tinuously variable transmission provided with a vane pump
according to a first embodiment of the present invention.

FIG. 2 is across-sectional view of the vane pump according
to the first embodiment as viewed along an axis of rotation of
a rotor of the vane pump.

FIG. 3 is across-sectional view of the vane pump according
to the firstembodiment as viewed in a direction perpendicular
to the axis of rotation of the rotor.

FIG. 4 is a schematic diagram showing configuration ofthe
rotor, a vane and a vane cam of the vane pump according to the
first embodiment.

FIGS. 5A and 5B are schematic diagrams showing two
different conditions of a configuration according to a first
option for formation of cam port.

FIGS. 6A and 6B are schematic diagrams showing two
different conditions of a configuration according to a second
option for formation of cam port.

FIGS. 7A and 7B are schematic diagrams showing two
different conditions of a configuration according to a third
option for formation of cam port.
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FIGS. 8A and 8B are schematic diagrams showing two
different conditions of a configuration according to a fourth
option for formation of cam port.

FIG. 9 is atable which summarizes effects produced by the
first to fourth options of FIGS. 5A to 8B in view of pressure
around the vane cam, forces acting on the vane cam, and
driving torque affected by friction.

DETAILED DESCRIPTION OF THE INVENTION
Configuration of Vane Pump

A vane pump 1 according to a first embodiment of the
present invention is used as a source of hydraulic pressure for
a hydraulic system of a motor vehicle that is a belt-type
continuously variable transmission (CVT) 100 in this
embodiment. FIG. 1 shows an example of configuration of
CVT100. CVT 100 includes a control valve 110 composed of
a set of various valves which are controlled by a CVT control
unit 130. The controlled valves include a shift control valve
111, a secondary valve 112, a secondary pressure solenoid
valve 113, a line pressure solenoid valve 114, a pressure
regulator valve 115, a manual valve 116, a lockup/select
switch solenoid valve 117, a clutch regulator valve 118, a
select control valve 119, a lockup solenoid valve 120, a torque
converter regulator valve 121, a lockup control valve 122, and
a select switch valve 123. Vane pump 1 is configured to
discharge working fluid which is supplied to various compo-
nents of CVT 100. The components include a primary pulley
101, a secondary pulley 102, a forward clutch 103, a reverse
brake 104, a torque converter 105, and a lubricating and
cooling system 106.

Vane pump 1 is driven by a crankshaft of an internal com-
bustion engine of the motor vehicle, to suck and discharge
working fluid such as oil. The working fluid is automatic
transmission fluid (ATF) in this example. Vane pump 1 is of a
variable displacement type capable of varying its pump dis-
placement (i.e. quantity of working fluid discharged per one
rotation). Vane pump 1 includes a pumping section for suck-
ing and discharging working fluid, a control section for con-
trolling the pump displacement, and a pump body 4 for hous-
ing the pumping section and the control section. FIGS. 2 and
3 show cross-sectional views of vane pump 1. FIG. 2 is a
cross-sectional view of vane pump 1 as viewed along an axis
of rotation O of a rotor 6 of vane pump 1, showing a cross-
section of the pumping section except pump body 4 taken
along a plane perpendicular to the axis of rotation O of rotor
6, and showing a cross-section of the control section taken
along a plane including a longitudinal axis of a control valve
2. FIG. 3 is a cross-sectional view of vane pump 1 as viewed
in a direction perpendicular to the axis of rotation O, showing
a cross-section of the pumping section including the pump
body 4 taken along a plane including the axis of rotation O.
For ease of explanation, an x-axis is defined to extend in
parallel to the longitudinal axis of control valve 2, wherein a
direction where a valve element in the form of a spool 20
moves away from a solenoid SOL, i.e. a direction from the left
to the right in FIG. 2, is defined as an x-axis positive direction.
In addition, a z-axis is defined to extend in parallel to the axis
of rotation O of rotor 6, wherein a direction from the drawing
sheet of FIG. 2 to a reader is defined as a z-axis positive
direction.

Configuration of Pumping Section

The pumping section generally includes a drive shaft 5, a
rotor 6, aplurality of vanes 7, a cam ring 8, and an adapter ring
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9. Drive shaft 5 is driven by the crankshaft to rotate about the
axis of rotation O. Rotor 6 is rotated by drive shaft 5 to rotate
about an axis of rotation that is identical to the axis of rotation
O of drive shaft 5 in this example. Rotor 6 includes an outer
peripheral surface formed with a plurality of slots 61. Each
vane 7 is mounted in a corresponding one of slots 61 and
configured to move forward and rearward with respect to the
axis of rotation O of rotor 6. Cam ring 8 is arranged to
surround the outer peripheral surface of rotor 6. Adapter ring
9 is arranged to surround an outer peripheral surface of cam
ring 8. Pump body 4 includes a rear body 40, a pressure plate
41, and a front body 42. Rear body 40 includes a housing
recess 405 which houses the rotor 6, vanes 7, and cam ring 8
inside. Pressure plate 41 is mounted at a z-axis negative
direction side bottom of housing recess 405 of rear body 40,
and is arranged on a z-axis negative direction side of cam ring
8 and rotor 6, defining a plurality of pumping chambers r in
cooperation with rotor 6, vanes 7 and cam ring 8. Front body
42 closes the opening of housing recess 405 of rear body 40,
and is arranged on the z-axis positive direction side of cam
ring 8 and rotor 6, defining the plurality of pumping chambers
r in cooperation with rotor 6, vanes 7 and cam ring 8. Drive
shaft 5 is rotatably and pivotally supported by pump body 4
that is thus composed of rear body 40, pressure plate 41, and
front body 42. Drive shaft 5 includes a z-axis positive direc-
tion side portion which is coupled though a chain to the
crankshaft of the internal combustion engine, so that drive
shaft 5 rotates in synchronization with the crankshaft. Rotor 6
is coupled to an outer periphery of drive shaft 5 by serration
coupling so that rotor 6 and drive shaft 5 rotate in the clock-
wise direction of FIG. 2 about the common axis of rotation O.

The housing recess 405 of rear body 40 extends in the
z-axis direction, and has a cylindrical shape. In the housing
recess 405, the annular adapter ring 9 is mounted with its
outer peripheral surface in contact with and fitted to the inner
peripheral surface ofhousing recess 405. Adapter ring 9 has a
hollow cylindrical shape with a cylindrical housing hole 90
extending in the z-axis direction. The housing hole 90 of
adapter ring 9 houses the annular cam ring 8 under condition
that cam ring 8 is configured to move or swing with respect to
the axis of rotation O of rotor 6. Adapter ring 9 includes an
x-axis positive direction side portion to which one longitudi-
nal end of an elastic member in the form of a coil spring SPG
is connected, whereas the other longitudinal end of coil spring
SPG is connected to an x-axis positive direction side portion
of cam ring 8. Coil spring SPG is mounted in compressed
state so that cam ring 8 is constantly biased in the x-axis
negative direction with respect to adapter ring 9.

Between adapter ring 9 and cam ring 8 is provided a pin
PIN for preventing relative rotation therebetween. Specifi-
cally, pin PIN is disposed in a space defined by a recess of an
inner peripheral surface (rolling surface 91) of adapter ring 9
and a recess of an outer peripheral surface 81 of cam ring 8.
Pin PIN is fixed to pump body 4 at its both longitudinal ends.
Cam ring 8 is supported with respect to adapter ring 9 by
rolling surface 91 where pin PIN is disposed, and configured
to rotate or swing about the pin PIN. Adapter ring 9 also
includes a second recess at a portion of the inner peripheral
surface opposite to pin PIN with respect to axis of rotation O
of rotor 6, wherein a seal S1 is mounted in the second recess
of adapter ring 9.

When cam ring 8 is swinging with respect to adapter ring 9,
the rolling surface 91 of the inner periphery of adapter ring 9
is in rolling contact with the outer peripheral surface 81 of
camring 8, whereas seal S1 is in sliding contact with the outer
peripheral surface 81 of cam ring 8. An eccentric distance d is
defined to represent a distance of the central axis of cam ring
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8 from the axis of rotation O of rotor 6. When cam ring 8 is in
a position of minimum eccentricity so that the central axis of
cam ring 8 is identical to the axis of rotation O, the eccentric
distance 8 is equal to zero. On the other hand, when cam ring
8 is in a position of maximum eccentricity so that the outer
peripheral surface 81 of cam ring 8 is in contact with the
x-axis negative direction side of the inner peripheral surface
of adapter ring 9 as shown in FIG. 2, the eccentric distance
is equal to a specific maximum value.

Rotor 6 is mounted radially inside of the inner periphery of
cam ring 8. Rotor 6 includes a plurality of slots 61 which
extend radially. As viewed in the z-axis direction, each slot 61
extends straight from an outer peripheral surface 60 of rotor 6
toward the axis of rotation O by a predetermined distance in
a radial direction of rotor 6. Each slot 61 extends over the
entire thickness of rotor 6 in the z-axis direction. In this
embodiment, rotor 6 is formed with eleven slots 61 which are
arranged and evenly spaced in the circumferential direction of
rotor 6. Each slot 61 has a proximal end portion closer to the
axis of rotation O in which a back pressure chamber br is
defined to extend in the z-axis direction. Each back pressure
chamber br has the same cross-section as slot 61.

Each vane 7 is a substantially rectangular plate, and is
mounted in a corresponding different one of slots 61, and is
configured to move forward and rearward in the slot 61. The
number of slots 61 and the number of vanes 7 are not limited
to 11 but may be more or less. The distal end portion of vane
7 (farther from the axis of rotation O) has a moderately curved
surface fitted on the shape of inner peripheral surface 80 of
cam ring 8.

Rotor 6 includes a z-axis positive direction side portion
formed with a circular recess 62 extending in the axial direc-
tion of rotor 6. The inside diameter of circular recess 62 is set
so that the inner periphery of circular recess 62 has a circular
shape identical to a circular shape formed by connecting the
proximal end of each vane 7 when vane 7 projects maximally
from the corresponding slot 61.

Circular recess 62 of rotor 6 retains and houses a vane cam
27 which is ring-shaped to have a through hole 27a4. The
outside diameter of vane cam 27 is set equal to a value pro-
duced by subtracting twice the length of vane 7 from the
outside diameter of inner peripheral surface 80 of cam ring 8.
Namely, vane cam 27 is configured to move together with
cam ring 8 with eccentricity from the axis of rotation O of
rotor 6, and has an outer peripheral surface that is constantly
in contact with the proximal end portions of all of vanes 7. The
thickness of vane cam 27 in the axial direction of rotor 6 is
substantially equal to the depth of circular recess 62 of rotor
6. Vane cam 27 allows drive shaft 5 to pass through the
through hole 27a. Specifically, the inside diameter of through
hole 27a of vane cam 27 is set in a manner that even when
vane cam 27 is maximally eccentric from the axis of rotation
O of rotor 6, vane cam 27 is maintained out of contact with
drive shaft 5, and the edge of through hole 27a is closer to the
axis of rotation O than the distal end portions of back pressure
chambers br. This feature serves to seal constantly the distal
end portion of each back pressure chamber br even when vane
cam 27 is maximally displaced from the axis of rotation O.

The eleven vanes 7 divide an annular place between the
outer peripheral surface 60 of rotor 6 and the inner peripheral
surface 80 of cam ring 8 and between the z-axis positive
direction side surface 410 of pressure plate 41 and the z-axis
negative direction side surface 420 of front body 42, to define
eleven pumping chambers r. In FIG. 2, rotor 6 rotates in the
clockwise direction. The clockwise direction in FIG. 2 is
referred to as rotor rotation direction, normal or positive
rotational direction, etc., while the counterclockwise direc-
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tion in FIG. 2 is referred to as rotor reverse rotation direction,
negative rotational direction, etc. The distance (or angle)
between two adjacent vanes 7 along the rotational direction of
rotor 6 is defined as one pitch. Namely, the size of each
pumping chamber r in the rotational direction of rotor 6 is
equal to one pitch and constant while rotor 6 is rotating.

Under condition that the central axis of cam ring 8 is
eccentric from the axis of rotation O of rotor 6 (in the x-axis
negative direction in this example), the distance in the rotor
radial direction between the outer peripheral surface 60 of
rotor 6 and the inner peripheral surface 80 of cam ring 8
gradually increases as followed from the x-axis positive
direction side to the x-axis negative direction side. In con-
formance with this change of the distance between rotor 6 and
cam ring 8, each vane 7 moves forward and backward in slot
61 so that the projection of vane 7 from slot 61 changes.
Accordingly, the pumping chambers r at the x-axis negative
direction side are larger than those at the x-axis positive
direction side. Under this condition, in a region below the axis
of rotation O of rotor 6, each pumping chamber r expands
while traveling from the x-axis positive direction side to the
x-axis negative direction side along with rotation of rotor 6.
On the other hand, in a region above the axis of rotation O of
rotor 6, each pumping chamber r contracts while traveling
from the x-axis negative direction side to the x-axis positive
direction side along with rotation of rotor 6.

Configuration of Pump Body

<Pressure Plate>

Pressure plate 41 includes a suction port 43a, a discharge
port 44a, a suction-side back pressure port 46a, and a dis-
charge-side back pressure port 465, which are formed in the
z-axis positive direction side surface 410 of pressure plate 41.
Suction port 43a serves as an inlet through which working
fluid is supplied from the outside into pumping chambers r,
and is located in a suction region where each pumping cham-
ber r expands along with rotation of rotor 6. Suction port 43a
has an arc shape extending around the axis of rotation O
through a series of suction-side pumping chambers r. The
length of suction port 43a, or an angular range from a begin-
ning end at the x-axis positive direction side to a terminating
end at the x-axis negative direction side, is substantially equal
to 4.5 pitches, which is referred to as suction region. On the
other hand, discharge port 44a serves as an outlet through
which working fluid is drained from pumping chambers r to
the outside, and is located in a discharge region where each
pumping chamber r contracts along with rotation of rotor 6.
Discharge port 44a has an arc shape extending around the axis
of rotation O through a series of discharge-side pumping
chambers r. The length of discharge port 444, or an angular
range from a beginning end at the x-axis negative direction
side to a terminating end at the x-axis positive direction side,
is substantially equal to 4.5 pitches, which is referred to as
discharge region. The region between the terminating end of
suction port 43¢ and the beginning end of discharge port 44a
is referred to as first closing region, whereas the region
between the terminating end of suction port 43a and the
beginning end of discharge port 44a is referred to as second
closing region. Each closing region serves to hydraulically
close the pumping chambers r in this region and prevent the
suction port 43a and discharge port 44a from hydraulically
communicating with each other through the pumping cham-
bers r. The angular range of each closing region is substan-
tially equal to one pitch.

Pressure plate 41 includes a suction-side back pressure port
46a in the suction region and a discharge-side back pressure
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port 465 in the discharge region, where suction-side back
pressure port 46a is hydraulically connected to the distal end
portions of vanes 7 (i.e. back pressure chambers br at the
distal end portions of slots 61 of rotor 6) at the suction side,
and discharge-side back pressure port 465 is hydraulically
connected to the distal end portions of vanes 7 at the discharge
side, wherein suction-side back pressure port 46a is hydrau-
lically separated from discharge-side back pressure port 465.
Suction-side back pressure port 46a hydraulically connects
the suction port 43a to back pressure chambers br of vanes 7
in the suction region. Suction-side back pressure port 46a is a
recess supplied with hydraulic pressure from the suction side
of the pump, and has an arc shape extending around the axis
of rotation O and through a series of back pressure chambers
br of vanes 7. Discharge-side back pressure port 465 is
hydraulically connected to back pressure chambers br of
vanes 7 existing in the discharge region and half sections of
the first and second closing regions. Discharge-side back
pressure port 465 is a recess supplied with hydraulic pressure
from the discharge side of the pump, and has an arc shape
extending around the axis of rotation O and through a series of
back pressure chambers br of vanes 7. Each of suction-side
back pressure port 46a and discharge-side back pressure port
46b is located in a position in a radial direction from the axis
of rotation O of rotor 6 to overlap with most part of back
pressure chambers br as viewed in the z-axis direction irre-
spective of the eccentricity of cam ring 8, and hydraulically
communicates with overlapping back pressure chambers br.
The condition that vane 7 is in the suction region specifically
means a condition that the distal end portion of vane 7 is
overlapping with the suction port 43 as viewed in the z-axis
direction. On the other hand, the condition that vane 7 is in the
discharge region specifically means a condition that the distal
end portion of vane 7 is overlapping with the discharge port
44a as viewed in the z-axis direction.

Rear Body

The internal space of rear body 40 is formed with a bearing
support hole 404, a low pressure chamber 40e, and a high
pressure chamber 40f. A bush 45 is mounted in the bearing
support hole 40d of rear body 40, and serves as a bearing for
allowing rotation of drive shaft 5. The z-axis negative direc-
tion side end portion of drive shaft 5 is mounted inside and
rotatably supported by bush 45. The low pressure chamber
40¢ of rear body 40 is hydraulically connected to a reservoir
not shown through a reservoir mounting hole 400. The reser-
voir serves as a hydraulic pressure source for storing working
fluid and supplying same to vane pump 1. The pressure of
working fluid in the reservoir is substantially equal to atmo-
spheric pressure. The high pressure chamber 40fof rear body
40 is formed as a recess in a z-axis negative direction side
bottom of housing recess 405, and is hydraulically connected
to a discharge passage 30 of a hydraulic circuit 3. Discharge
passage 30 is hydraulically connected to a supply passage 34
through a metering orifice 320, wherein hydraulic pressure is
supplied through the passage 34 to CVT 100 outside of vane
pump 1.

Front Body

The internal space of front body 42 is formed with a bear-
ing support hole 424 and a low pressure chamber 42¢. A bush
is mounted in the bearing support hole 424, and serves as a
bearing for allowing rotation of drive shaft 5. The z-axis
positive direction side end portion of drive shaft 5 is mounted
inside and rotatably supported by the bush. The low pressure
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chamber 42¢ is hydraulically connected to the low pressure
chamber 40e of rear body 40 through a communication pas-
sage 401 formed in rear body 40. Front body 42 includes a
suction port 435, a discharge port 445, and a cam port 48,
which are formed in the z-axis negative direction side surface
420 of front body 42.

Suction port 435 of front body 42 serves as an inlet through
which working fluid is supplied from the outside into pump-
ing chambers r, and is located in the suction region where each
pumping chamber r expands along with rotation of rotor 6.
Suction port 435 has an arc shape extending around the axis of
rotation O through a series of suction-side pumping chambers
r. The length of suction port 435, or an angular range from a
beginning end at the x-axis positive direction side to a termi-
nating end at the x-axis negative direction side, is substan-
tially equal to 4.5 pitches, which is referred to as suction
region. On the other hand, discharge port 445 serves as an
outlet through which working fluid is drained from pumping
chambers r to the outside, and is located in the discharge
region where each pumping chamber r contracts along with
rotation of rotor 6. Discharge port 445 has an arc shape
extending around the axis of rotation O through a series of
discharge-side pumping chambers r. The length of discharge
port 445, or an angular range from a beginning end at the
x-axis negative direction side to a terminating end at the
x-axis positive direction side, is substantially equal to 4.5
pitches, which is referred to as discharge region. The region
between the terminating end of suction port 43a and the
beginning end of discharge port 44a is referred to as first
closing region, whereas the region between the terminating
end of suction port 43a and the beginning end of discharge
port 44a is referred to as second closing region. Each closing
region serves to hydraulically close the pumping chambers r
in this region and prevent the suction port 435 and discharge
port 4456 from hydraulically communicating with each other
through the pumping chambers r. The angular range of each
closing region is substantially equal to one pitch.

Cam port 48 of front body 42 is formed to extend in the
inside periphery of circular recess 62 of rotor 6 and has an
annular shape extending around the axis of rotation O as a
center, and is supplied with hydraulic pressure from the suc-
tion side of the pump.

Configuration of Control Section

Vane pump 1 is provided with a control section which
includes a first control chamber R1, a second control chamber
R2, control valve 2, and hydraulic circuit 3. The space
between the housing hole 90 of adapter ring 9 and the outer
peripheral surface 81 of cam ring 8 is closed and sealed at the
z-axis negative direction side by pressure plate 41 and closed
and sealed at the z-axis positive direction side by front body
42, and is divided into the first and second control chambers
R1, R2 by the contact portion between the rolling surface 91
of adapter ring 9 and the outer peripheral surface 81 of cam
ring 8 and the contact portion between the seal S1 and the
outer peripheral surface 81 of cam ring 8. The first control
chamber R1 is located on the x-axis negative direction side,
wherein the eccentric distance d of cam ring 8 increases as
cam ring 8 moves in the x-axis negative direction. The second
control chamber R2 is located on the x-axis positive direction
side, wherein the eccentric distance 0 of cam ring 8 decreases
as cam ring 8 moves in the x-axis positive direction.

Hydraulic circuit 3 includes various passages of working
fluid which connect portions of pump body 4 to others,
wherein most ofthe passages are formed in rear body 40. Rear
body 40 includes a valve-housing hole 40a which has a cylin-
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drical shape and extends in the x-axis direction. The spool 20
of control valve 2 is mounted in the valve-housing hole 40a of
rear body 40. The discharge passage 30 is hydraulically con-
nected to discharge port 44 (discharge port 44a and/or dis-
charge port 445) of the pumping section, and is branched into
a first control source pressure passage 31 and a discharge
passage 32.

First control source pressure passage 31 has an opening at
the x-axis negative direction side of valve-housing hole 40a
through which a base pressure is supplied to control valve 2
for generating a control pressure for controlling the eccentric
distance 8 of cam ring 8 and thereby controlling pump dis-
placement, wherein the base pressure is substantially equal to
the discharge pressure supplied from discharge port 44. Dis-
charge passage 32 is provided with a metering orifice 320
which has a smaller cross sectional flow area than the other
portion of discharge passage 32. Discharge passage 32 is
branched at a portion downstream of metering orifice 320 into
a second control source pressure passage 33 and a supply
passage 34. Supply passage 34 is configured to supply CVT
100 with a supply pressure that is a pressure after pressure
reduction through the metering orifice 320 from the discharge
pressure from discharge port 44. Second control source pres-
sure passage 33 has an opening at the x-axis positive direction
side of valve-housing hole 40a through which a second base
pressure is supplied to control valve 2 for generating a control
pressure for controlling the eccentric distance d of cam ring 8,
wherein the second base pressure is substantially equal to the
supply pressure.

The first control passage 35 has an opening on the x-axis
positive direction side of valve-housing hole 40a, which
opening is next to the opening of first control source pressure
passage 31. First control passage 35 is hydraulically con-
nected to the first control chamber R1 of the pumping section
through a through hole 92 which extends through the wall of
adapter ring 9 in a radial direction of adapter ring 9. Also, the
second control passage 36 has an opening on the x-axis nega-
tive direction side of valve-housing hole 40a, which opening
is next to the opening of second control source pressure
passage 33. Second control passage 36 is hydraulically con-
nected to the second control chamber R2 of the pumping
section through another through hole 93 which extends
through the wall of adapter ring 9 in a radial direction of
adapter ring 9.

Control valve 2 is a hydraulic pressure control valve in the
form of a spool valve, which operates or moves the spool 20
as a valve element, and thereby switches supply of working
fluid to the first and second control chambers R1, R2. Control
valve 2 includes spool 20 and a coil spring 21. Spool 20 is
mounted in valve-housing hole 40a of rear body 40 and
configured to travel in the x-axis direction. Coil spring 21 is
mounted in compressed state on the x-axis positive direction
of spool 20 in valve-housing hole 404, so that coil spring 21
constantly biases the spool 20 in the x-axis negative direction.
The x-axis positive direction side end portion of coil spring 21
is retained by a retainer 22 that is screwed in a thread portion
40c¢ that is formed in the x-axis positive direction side of
valve-housing hole 40a.

Control valve 2 is an electromagnetic valve including a
solenoid SOL. Operation of control valve 2 (i.e. displacement
of spool 20) is controlled by a difference between a first
hydraulic pressure and a second hydraulic pressure wherein
the first hydraulic pressure is applied to a first end surface of
spool 20 and the second hydraulic pressure is applied to a
second end surface of spool 20, and also controlled by a thrust
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applied from solenoid SOL to spool 20 which is controlled in
conformance with a control command from CVT control unit
130.

Spool 20 includes a first large-diameter portion 201 and a
second large-diameter portion 202, each of which serves to
shut off a corresponding port or adjust the opening of the
corresponding port. The first large-diameter portion 201 is
located at an x-axis negative direction side portion of spool
20, while second large-diameter portion 202 is located at an
x-axis positive direction side end portion of spool 20. Each
large-diameter portion 201, 202 has a cylindrical shape hav-
ing an outer diameter that is substantially equal to the inner
diameter of the cylindrical valve-housing hole 40a of rear
body 40.

The internal space of valve-housing hole 404 of rear body
40 is divided into a first pressure chamber 23 by first large-
diameter portion 201 of spool 20 and the x-axis positive
direction side end portion of solenoid SOL, and into a second
pressure chamber 24 by second large-diameter portion 202 of
spool 20 and the x-axis positive direction side end portion of
valve-housing hole 40a, and into a drain chamber 25 by first
large-diameter portion 201 and second large-diameter por-
tion 202 of spool 20. Irrespective of the position or displace-
ment of spool 20, first pressure chamber 23 is constantly
hydraulically connected to first control source pressure pas-
sage 31, whereas second pressure chamber 24 is constantly
hydraulically connected to second control source pressure
passage 33. On the other hand, drain chamber 25 is constantly
hydraulically connected to a drain passage not shown so that
the internal pressure of drain chamber 25 is maintained low,
and specifically, drain chamber 25 is subject to atmospheric
pressure.

Movement of spool 20 in the x-axis direction causes
changes in the area of part of the opening of first control
passage 35 closed by first large-diameter portion 201 and the
area of part of second control passage 36 closed by second
large-diameter portion 202, and thereby switches each con-
trol passage 35, 36 between open state and closed state. Each
opening is arranged as follows. When spool 20 is maximally
displaced in the x-axis negative direction, the opening of first
control passage 35 is hydraulically disconnected from first
pressure chamber 23 by first large-diameter portion 201, and
hydraulically connected to drain chamber 25. Under this con-
dition, the opening of second control passage 36 is hydrauli-
cally disconnected from drain chamber 25 by second large-
diameter portion 202, and hydraulically connected to second
pressure chamber 24. As spool 20 travels in the x-axis positive
direction from that position, the opening of first control pas-
sage 35 gets hydraulically disconnected from drain chamber
25, and hydraulically connected to first pressure chamber 23
when the movement exceeds a specific threshold. As the
displacement of spool 20 in the x-axis positive direction fur-
ther increases, the area of part of the opening of first control
passage 35 closed by first large-diameter portion 201
decreases. On the other hand, as spool 20 travels in the x-axis
positive direction, the area of part of the opening of second
control passage 36 closed by second large-diameter portion
202 increases. Then, when the displacement of spool 20
exceeds a specific threshold, the opening of second control
passage 36 gets hydraulically disconnected from second pres-
sure chamber 24.

When spool 20 is maximally displaced in the x-axis posi-
tive direction, the opening of first control passage 35 is
hydraulically disconnected from drain chamber 25 by first
large-diameter portion 201, and hydraulically connected to
first pressure chamber 23. Under this condition, the opening
of second control passage 36 is hydraulically disconnected
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from second pressure chamber 24 by second large-diameter
portion 202, and hydraulically connected to drain chamber
25.

Solenoid SOL is configured to press a plunger 2a in the
x-axis positive direction by a thrust that depends on an ener-
gizing current that is generated in response to a control com-
mand from CVT control unit 130. The configuration that the
x-axis positive direction side end of plunger 2a is in contact
with the x-axis negative direction side end of spool 20, and
spool 20 is biased in the x-axis positive direction by an elec-
tromagnetic force of solenoid SOL, produces the same effects
as the configuration that the initial set load of coil spring 21 is
set smaller. Under control of solenoid SOL, spool 20 can be
moved by a smaller differential pressure at earlier timing than
under a condition where solenoid SOL is inoperative, to
achieve arelatively low rate of discharge of working fluid, and
then maintain the rate of discharge constant. In this way, the
discharge flow rate is controlled by the biasing force gener-
ated by solenoid SOL. CVT control unit 130 is configured to
apply a desired effective current to solenoid SOL and change
the driving force of plunger 2a continuously, for example, by
a PWM control of solenoid SOL in which the pulse width of
driving power is adjusted. CVT control unit 130 is configured
to control the line pressure depending on operating state of the
vehicle such as accelerator opening, engine speed, and
vehicle speed. When the discharge flow rate is requested to be
high, CVT control unit 130 reduces or stops the energizing
current applied to solenoid SOL. On the other hand, when the
discharge flow rate is requested to be low, CVT control unit
130 increases the energizing current applied to solenoid SOL.

Operation of Vane Pump

The following describes operation of vane pump 1 accord-
ing to the first embodiment.

Pumping Operation

When rotor 6 is rotated under condition that cam ring 8 is
made eccentric in the x-axis negative direction with respect to
the axis of rotation O, each pumping chamber r expands and
contracts periodically while rotating around the axis of rota-
tion O. In the suction region where each pumping chamber r
expands along with rotation of rotor 6, pumping chamber r is
supplied with working fluid through the suction port 43 (suc-
tion port 43a and/or suction port 435). In the discharge region
where each pumping chamber r contracts along with rotation
of rotor 6, pumping chamber r discharges working fluid
through the discharge port 44 (discharge port 44a and/or
discharge port 445). Specifically, when one pumping cham-
ber r is followed, pumping chamber r continues to expand
until the rear vane 7 (vane 7 on the rotor reverse rotation side
of pumping chamber r) passes through the terminating point
of suction port 43, in other words, until the front vane 7 (vane
7 on the rotor rotation side of pumping chamber r) passes
through the beginning point of discharge port 44. During this
period, pumping chamber r is hydraulically connected to
suction port 43, to suck working fluid through the suction port
43.

In the first closing region, rotor 6 is in such a position that
the rotor rotation side surface of the rear side vane 7 of
pumping chamber r is identical to the terminating point of
suction port 43 and the rotor reverse rotation side surface of
the front side vane 7 is identical to the beginning end of
discharge port 44, so that pumping chamber r is hydraulically
separated from suction port 43 and discharge port 44 and
thereby maintained liquid-tight. After the rear side vane 7
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passes through the terminating point of suction port 43,
namely, after the front side vane 7 passes through the begin-
ning end of discharge port 44, pumping chamber r reaches the
discharge region where pumping chamber r contracts along
with rotation of rotor 6 and gets hydraulically connected to
discharge port 44, and thereby discharges working fluid to
discharge port 44. Similarly, in the second closing region,
rotor 6 is in such a position that the rotor rotation side surface
of'the rear side vane 7 of pumping chamberr is identical to the
terminating point of discharge port 44 and the rotor reverse
rotation side surface of the front side vane 7 is identical to the
beginning end of suction port 43, so that pumping chamber r
is hydraulically separated from suction port 43 and discharge
port 44 and thereby maintained liquid-tight. In the first
embodiment, each closing region has an angular range of one
pitch which is equal to that of one pumping chamber r. This
feature serves to prevent fluid communication between the
suction region and the discharge region, and also allow the
ranges of the suction region and the discharge region to be
maximized, and thereby enhance the pumping efficiency.
However, the range of each closing region between suction
port 43a, 435 and discharge port 44a, 44b may be set greater
than one pitch.

Variable Displacement of Vane Pump

When the eccentric distance d of cam ring 8 in the x-axis
negative direction with respect to rotor 6 is non-zero, each
pumping chamber r in the suction region expands along with
rotation of rotor 6, and gets maximized when the pumping
chamberris in the first closing region. On the other hand, each
pumping chamber r in the discharge region contracts along
with rotation of rotor 6, and gets minimized in the second
closing region. When the eccentric distance 0 of cam ring 8 is
maximized as shown in FIG. 2, the difference in volumetric
capacity between the pumping chamber r in maximally con-
tracted state and the pumping chamber r in maximally
expanded state is maximized, so that the pump displacement
is maximized. On the other hand, when the eccentric distance
d of cam ring 8 in the x-axis negative direction with respect to
rotor 6 is minimized to zero, the volumetric capacity of pump-
ing chamber r is maintained constant when rotor 6 is rotating
in the suction region and also in the discharge region. In other
words, all of the pumping chambers r have the same volumet-
ric capacity, so that the pump displacement is minimized. In
this way, the pump displacement is varied according to the
difference in volumetric capacity which varies according to
the eccentric distance 0 of cam ring 8.

Vane pump 1 includes control valve 2 for controlling vari-
able pump displacement. Control valve 2 receives supply of
hydraulic pressure from discharge port 44 and produces a
control pressure based on the supplied pressure for control-
ling the eccentric distance d of cam ring 8. Specifically, work-
ing fluid is compressed in pumping chambers r in the dis-
charge region, and then supplied to high pressure chamber 40/
through the discharge port 44. The working fluid in high
pressure chamber 40f71s supplied to the first pressure chamber
23 of control valve 2 through the discharge passage 30 and
first control source pressure passage 31, and supplied to the
second pressure chamber 24 of control valve 2 through the
discharge passage 30, discharge passage 32, and second con-
trol source pressure passage 33.

The first control chamber R1 receives supply of working
fluid as control pressure from the first pressure chamber 23 of
control valve 2 through the first control passage 35, and
produces a first hydraulic pressure for pressing the cam ring 8
in the x-axis positive direction against the biasing force of coil
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spring SPG. The second control chamber R2 receives supply
of' working fluid as control pressure from the second pressure
chamber 24 of control valve 2 through the second control
passage 36, and produces a second hydraulic pressure for
pressing the cam ring 8 in the x-axis negative direction in
addition to the biasing force of coil spring SPG.

When the force resulting from the first and second hydrau-
lic pressures in control valve 2 is in the direction to press the
cam ring 8 in the x-axis positive direction and the resulting
force is larger than the biasing force of coil spring SPG
pressing the cam ring 8 in the x-axis negative direction, then
cam ring 8 is caused to travel in the x-axis positive direction.
This travel causes a decrease in the eccentric distance § of
cam ring 8, and thereby causes a decrease in the difference in
volumetric capacity of pumping chamber r between the com-
pressed state and the expanded state, and thereby causes a
decrease in the pump displacement. Conversely, when the
force resulting from the first and second hydraulic pressures
in control valve 2 is in the direction to press the cam ring 8 in
the x-axis positive direction but the resulting force is smaller
than the biasing force of coil spring SPG pressing the cam
ring 8 in the x-axis negative direction, or when the resulting
force is in the direction to press the cam ring 8 in the x-axis
negative direction, then cam ring 8 is caused to travel in the
x-axis negative direction. This travel causes an increase in the
eccentric distance d of cam ring 8, and thereby causes an
increase in the difference in volumetric capacity of pumping
chamber r between the compressed state and the expanded
state, and thereby causes an increase in the pump displace-
ment. Under condition that no working fluid is supplied to the
first and second control chambers R1, R2, cam ring 8 is
pressed by coil spring SPG in the x-axis negative direction, so
that the eccentric distance d of cam ring 8 is maximized. It is
optional to omit the second control chamber R2 and control
the eccentric distance d only by the hydraulic pressure of the
first control chamber R1. The coil spring SPG may be
replaced with another elastic member for biasing the cam ring
8.

Control valve 2 is configured to switch supply of control
pressure depending on the displacement of spool 20. Specifi-
cally, when spool 20 is displaced in the x-axis positive direc-
tion, control valve 2 supplies working fluid as control pres-
sure from first pressure chamber 23 to the first control
chamber R1 through the first control passage 35. Conversely,
when spool 20 is displaced in the x-axis negative direction,
control valve 2 supplies working fluid as control pressure
from second pressure chamber 24 to the second control cham-
ber R2 through the second control passage 36. Spool 20 is
configured to receive hydraulic pressures (first and second
hydraulic pressures) supplied by discharge port 44, and travel
in response to the received hydraulic pressures. This feature
allows to simplify the structure, because control valve 2 can
mechanically operate in response to operation of the pumping
section thatis a controlled object, so that no additional control
means is required for controlling the operation of control
valve 2. Specifically, when the rotational speed of rotor 6 is
greater than zero and smaller than or equal to a specific value
a, the first and second hydraulic pressures act on spool 20 in
the x-axis negative direction so that the spool 20 travels in the
x-axis negative direction to supply a control pressure to
increase the eccentric distance d of cam ring 8. On the other
hand, when the rotational speed of rotor 6 is greater than the
specific value a, the first and second hydraulic pressures acts
on spool 20 in the x-axis positive direction so that the spool 20
travels in the x-axis positive direction to supply a control
pressure to decrease the eccentric distance d of cam ring 8. In
this way, the pump displacement is mechanically controlled

10

15

20

25

30

35

40

45

50

55

60

65

14

so that the pump displacement increases when vane pump 1 is
rotating at low speed, and decreases when vane pump 1 is
rotating at high speed.

More specifically, when the rotational speed of rotor 6 is
greater than zero and smaller than or equal to the specific
value o, the position of spool 20 is controlled so that the
opening of first control passage 35 is closed by first large-
diameter portion 201 and thereby is hydraulically discon-
nected from the first pressure chamber 23. On the other hand,
when the rotational speed of rotor 6 is greater than the specific
value o, the position of spool 20 is controlled so that the
opening of first control passage 35 is not closed by first
large-diameter portion 201 but is hydraulically connected to
the first pressure chamber 23. In this way, the pump displace-
ment is mechanically controlled so that the pump displace-
ment increases when vane pump 1 is rotating at low speed,
and decreases when vane pump 1 is rotating at high speed.

The second control passage 36 has an opening in the wall of
valve-housing hole 40a, and is configured to supply a control
pressure for increasing the eccentric distance 8 of cam ring 8.
When the rotational speed of rotor 6 is greater than zero and
smaller than or equal to the specific value ., the opening of
second control passage 36 is not closed by second large-
diameter portion 202 but hydraulically connected to second
pressure chamber 24. When the rotational speed of rotor 6 is
greater than the specific value a, the opening of second con-
trol passage 36 is closed by second large-diameter portion
202 and hydraulically disconnected from second pressure
chamber 24. In this way, the pump displacement is mechani-
cally controlled so that the pump displacement increases
when vane pump 1 is rotating at low speed, and decreases
when vane pump 1 is rotating at high speed.

The discharge passage 32 is provided with metering orifice
320, wherein the discharge passage 32 supplies pressure
(base pressure for generating control pressure) from dis-
charge port 44 to second pressure chamber 24, and metering
orifice 320 produces a differential pressure that increases as
the flow rate of working fluid through the metering orifice 320
increases. Accordingly, second pressure chamber 24 is sup-
plied with lower pressure than the discharge pressure. On the
other hand, the first control source pressure passage 31 is
provided with no orifice, wherein the first control source
pressure passage 31 supplies pressure (base pressure for gen-
erating control pressure) from discharge port 44 to first pres-
sure chamber 23. Accordingly, first pressure chamber 23 is
supplied with a pressure substantially identical to the dis-
charge pressure. This feature cause a differential pressure of
working fluid between the first control chamber R1 and sec-
ond control chamber R2, wherein the differential pressure
determines the eccentric distance 8 of cam ring 8. This allows
to easily achieve an automatic control of reducing the pump
displacement. In the first embodiment, the structure is sim-
plified by the feature that the means for producing the differ-
ential pressure is implemented by metering orifice 320. How-
ever, it is optional to omit the second pressure chamber 24,
and control the eccentric distance d of cam ring 8 only by first
pressure chamber 23. In such cases, spool 20 can be displaced
by the biasing force of coil spring 21 and the hydraulic pres-
sure of first pressure chamber 23.

CVT control unit 130 is configured to control operation of
control valve 2 by solenoid SOL, to control the displacement
of'spool 20, and switch supply of working fluid to the first and
second control chambers R1, R2, and thereby control the first
and second hydraulic pressures. CVT control unit 130 can
control arbitrarily the pump displacement, for example,
depending on the operating state of CV'T 100, independently
of the rotational speed of vane pump 1 (or the engine rota-
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tional speed) on which the foregoing mechanical control of
the pump displacement is based. Control valve 2 is not limited
to an electromagnetic valve actuated by solenoid SOL, but
may be configured without solenoid SOL. The feature that
vane pump 1 is configured as described above for arbitrarily
controlling the pump displacement, serves to minimize the
torque required to drive the pump while maintaining the
pump output as requested. This serves to reduce loss torques
or power losses as compared to cases of constant displace-
ment pumps.

Reduction of Power Loss by Separation Between
Back Pressure Ports

When rotor 6 is rotating, vanes 7 are subject to centrifugal
forces to press vanes 7 outwardly in radial directions. When
the rotational speed of rotor 6 is sufficiently high and a spe-
cific condition is satisfied, the distal end portion of each vane
7 projects from slot 61 and gets into sliding contact with the
inner peripheral surface 80 of cam ring 8. The contact
between the distal end portion of vane 7 and the inner periph-
eral surface 80 of cam ring 8 restricts the outward movement
of vane 7 in the radial direction of rotor 6. The projection of
vane 7 from slot 61 causes an increase in the volumetric
capacity of back pressure chamber br of vane 7, whereas the
rearward movement of vane 7 into slot 61 causes a decrease in
the volumetric capacity of back pressure chamber br of vane
7. When rotor 6 is rotating under condition that the cam ring
8 is made eccentric in the x-axis negative direction with
respect to the axis of rotation O, the back pressure chamber br
of each vane 7 in sliding contact with the inner peripheral
surface 80 of cam ring 8 periodically expands and contracts
while rotating about the axis of rotation O. If no working fluid
is supplied to the back pressure chamber br in the suction
region where back pressure chamber br expands, it is possible
that vane 7 is pretended from projecting from slot 61, and the
distal end of vane 7 gets out of contact with the inner periph-
eral surface 80 of cam ring 8, and the liquid tightness of
pumping chamber r is not maintained. On the other hand, ifno
working fluid is drained from the back pressure chamber br in
the discharge region where back pressure chamber br con-
tracts, it is possible that vane 7 is pretended from moving
backward into slot 61, and the distal end of vane 7 gets
pressed on the inner peripheral surface 80 of cam ring 8, and
the resistance to sliding is increased. This problem is solved
by the configuration that back pressure chambers br in the
suction region are supplied with working fluid from suction-
side back pressure port 464 so that the ability of projection of
vanes 7 is enhanced, and also by the configuration that back
pressure chambers br in the discharge region are allowed to
discharge working fluid to discharge-side back pressure port
465b so that the resistance to sliding of vanes 7 is prevented
from increasing excessively.

More specifically, when in the suction region, the distal end
portion of each vane 7 is subject to pressure from suction port
43, and the proximal end portion of vane 7 is subject to
pressure from suction-side back pressure port 46a. The pres-
sure in suction port 43 and the pressure in suction-side back
pressure port 46a are relatively low, because both are hydrau-
lically connected commonly to low pressure chamber 40e and
low pressure chamber 42¢. Accordingly, the difference
between the force applied to the distal end portion of vane 7
and the force applied to the proximal end portion of vane 7 is
relatively small. More specifically, working fluid is supplied
from the reservoir through low pressure chamber 40¢ and low
pressure chamber 42¢ to suction ports 43a, 435 through com-
munication passage 412 and communication passage 422 and
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to suction-side back pressure port 46a through communica-
tion passage 413. During operation of vane pump 1, working
fluid continues to be supplied when in the suction region so
that the pressure (suction pressure) in suction ports 43a, 435
is a negative pressure, namely, is below atmospheric pressure.
On the other hand, during operation of vane pump 1, suction-
side back pressure port 46a is hydraulically connected to
suction ports 43a, 435 through low pressure chamber 40e and
low pressure chamber 42e so that suction-side back pressure
port 46a is supplied with a pressure close to the suction
pressure from communication passage 413.

On the other hand, when in the discharge region, the distal
end portion of each vane 7 is subject to pressure from dis-
charge port 44, and the proximal end portion of vane 7 is
subject to pressure from discharge-side back pressure port
46b. The pressure in discharge port 44 and the pressure in
discharge-side back pressure port 465 are relatively high,
because both are hydraulically connected commonly to high
pressure chamber 40f through the communication passage
414 and communication passage 415. Accordingly, the dif-
ference between the force applied to the distal end portion of
vane 7 and the force applied to the proximal end portion of
vane 7 is relatively small. More specifically, during operation
of'vane pump 1, working fluid continues to be pressurized by
the pumping function when in the discharge region so that the
pressure (discharge pressure) in discharge ports 44a, 44b is a
positive pressure, namely, is above atmospheric pressure. On
the other hand, during operation of vane pump 1, discharge-
side back pressure port 465 is hydraulically connected to
discharge ports 44a, 445 through high pressure chamber 40f
so that discharge-side back pressure port 464 is supplied with
a pressure close to the discharge pressure. Accordingly, the
distal end portion of vane 7 is prevented from being made to
contact unnecessarily hard the inner peripheral surface 80 of
cam ring 8, so that the loss torque resulting from friction of
sliding contact between vane 7 and cam ring 8 is prevented
from getting high.

In that way, the feature that vane pump 1 is provided with
suction-side back pressure port 46a and discharge-side back
pressure port 465 which are separated from each other, serves
to suppress the differential pressure between the distal end
and proximal end of each vane 7 during suction operation and
during discharge operation from getting as large as the dif-
ferential pressure between the suction pressure and discharge
pressure. This feature serves to press each vane 7 onto cam
ring 8 by a suitable force resulting from centrifugal force
while minimizing the resistance to sliding between vane 7 and
cam ring 8. This results in a decrease in wear of the contact
surfaces, a decrease in the driving torque for rotating the rotor
6, and thereby a decrease in the power loss. In other words,
vane pump 1 is acompact and highly efficient vane pump with
alow required driving torque with respect to rotational speed,
with a power loss reduced and thereby a fuel efficiency
enhanced, and with a large displacement with respect to appa-
ratus size, as compared to typical variable displacement vane
pumps.

Noise Suppression by Provision of Vane Cam

Although vane pump 1 has the configuration that working
fluid is supplied to back pressure chambers br from suction-
side back pressure port 464 in the suction region as described
above, it is possible that the force acting on the vane 7 out-
wardly in the radial direction is relatively small because the
centrifugal force is small when vane pump 1 is rotating at low
speed, for example, when the engine is at start or at idle. This
may cause a problem that when the rotor is rotating at low
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speed, the projection of vane 7 during the suction process is
insufficient so that the distal end portion of vane 7 gets out of
contact with the inner peripheral surface 80 of cam ring 8. If
this condition is followed by a situation that the back pressure
chamber br of vane 7 begins to enter the region of discharge-
side back pressure port 465, then the proximal end portion of
vane 7 begins to be subject to a rapid increase in pressure so
that vane 7 may be pressed hard to project and collide hard
with cam ring 8, and thereby cause noise.

In the first embodiment, vane pump 1 is provided with vane
cam 27 that is arranged on the z-axis positive direction side of
rotor 6. Vane cam 27 has an outer diameter that is smaller by
twice the length of vane 7 than the diameter of the inner
peripheral surface 80 of camring 8. Vane cam 27 is configured
to move with respect to rotor 6 to be eccentric with respect to
rotor 6 similar to cam ring 8 so that the outer peripheral
surface of vane cam 27 is constantly in contact with the distal
end portion of each vane 7. FIG. 4 schematically shows con-
figuration of rotor 6, vanes 7 and vane cam 27 of the vane
pump according to the first embodiment. Vane cam 27 swings
along with swinging motion of cam ring 8, to be eccentric
with respect to rotor 6, and press the proximal end portion of
vane 7 outwardly in the radial direction. Vane cam 27 con-
stantly and sufficiently forces vanes 7 to project and contact
the inner peripheral surface 80 of cam ring 8, and thereby
prevent the occurrence of noise, even when the rotor 6 is
rotating at low speed, for example, at start or at idle so that the
vane 7 cannot be moved sufficiently only by the centrifugal
force.

Stable Support of Drive Shaft

It is preferable that drive shaft 5 is rotatably supported on
both sides of rotor 6. In the first embodiment, vane cam 27 has
the through hole 274 at the center of vane cam 27, wherein
through hole 274 extends in the z-axis direction through the
thickness of vane cam 27. The inside diameter of through hole
27a s set so that vane cam 27 is constantly out of contact with
drive shaft 5 even when vane cam 27 is most eccentric with
respect to drive shaft 5. This configuration allows to rotatably
support the both ends of drive shaft 5, and thereby stably
support drive shaft 5.

Sealing Function of Vane Cam

The slots 61 and back pressure chambers br of rotor 6 are
supplied with the pressure from suction-side back pressure
port 46a when in the suction region, and supplied with the
pressure from discharge-side back pressure port 465 when in
the discharge region. Accordingly, also at the boundary where
vane cam 27 and rotor 6 are in contact with each other, the
slots 61 and back pressure chambers br in the suction region
are sealed and separated from those in the discharge region.
Specifically, the inside diameter of through hole 27a is set
small so that even when vane cam 27 is most eccentric with
respectto rotor 6, the inside periphery of vane cam 27 is closer
to the center of rotor 6 than the proximal ends of back pressure
chambers br. In this way, even when vane cam 27 is most
eccentric with respect to rotor 6, the proximal end portion of
each back pressure chamber br is sealed from outside. On the
other hand, the thickness of vane cam 27 is set maximized
within the depth of circular recess 62 of rotor 6 and within
such a range that movement of vane cam 27 is not restricted
with respect to rotor 6. The length of vane 7 is set maximized
within such a range that vane 7 is movable between cam ring
8 and vane cam 27. In this configuration, the slots 61 and back
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pressure chambers br in the suction region are separated and
suitably sealed from those in the discharge region.

Operation of Cam Port

At the outer periphery of vane cam 27 is formed vane cam
chambers cr corresponding to vanes 7, wherein the number of
vane cam chambers cr is equal to the number of vanes 7. Each
vane cam chamber cr is defined by vane cam 27, circular
recess 62 of rotor 6, two adjacent vanes 7, and pump body 4.
The volumetric capacity of each vane cam chamber cr
changes along with rotation of rotor 6. Specifically, when in
the suction region, the volumetric capacity of vane cam cham-
ber cr gradually decreases along with rotation of rotor 6.
When in the discharge region, the volumetric capacity of vane
cam chamber cr gradually increases along with rotation of
rotor 6. The total decrease in volumetric capacity of vane cam
chambers cr in the suction region is equal to the total increase
in volumetric capacity of vane cam chambers cr in the dis-
charge region.

Ifno working fluid is supplied to or drained from vane cam
chambers cr along with changes in volumetric capacity of
vane cam chambers cr, then vane cam chambers cr are closed
so that rotor 6 may be locked. This problem is addressed by a
feature that the z-axis negative direction side surface 420 of
front body 42 is formed with a cam port 48 facing the circular
recess 62 of rotor 6, wherein cam port 48 allows working fluid
to flow into and out of vane cam chambers cr. Cam port 48
extends all along the circumference around the axis of rota-
tion O, and is supplied with the suction pressure that is pres-
sure from the suction side of the pump. Along with rotation of
rotor 6, almost all of working fluid discharged by contraction
of vane cam chambers cr during the suction process flows
through the cam port 48 into vane cam chambers cr that are
expanding during the discharge process. The internal pres-
sure of cam port 48 is maintained at the suction pressure,
because cam port 48 is supplied with the suction pressure. In
this way, working fluid is prevented from being closed within
vane cam chambers cr, and rotor 6 is thereby prevented from
rotating.

Reduction of Force Acting on Vane Cam, and
Suppression of Increase of Driving Torque

FIGS. 5A to 8B schematically show four different options
for formation of cam port 48 which serves to supply working
fluid to vane cam chambers cr. For ease of understanding,
each of FIGS. 5A to 8B shows four representative vanes 7
only. In the first embodiment, cam port 48 is formed in pump
body 4 to extend entirely along the circumference around the
axis of rotation O, and is supplied with the suction pressure, as
described above. However, there are at least the following
four options about formation of cam port 48. The first option
is that cam port 48 is composed of two separate parts, i.e. a
first part in the suction region and a second part in the dis-
charge region, wherein the first part is supplied with the
suction pressure and the second part is supplied with the
discharge pressure as shown in FIGS. 5A and 5B. The second
option is that cam port 48 is an annular part extending along
the entire circumference, and is supplied with the suction
pressure as shown in FIGS. 6 A and 6B, which is adopted as
the first embodiment. The third option is that cam port 48 is an
annular part extending along the entire circumference, and is
not directly supplied with the suction pressure nor the dis-
charge pressure, but supplied with an intermediate pressure
between the suction pressure and the discharge pressure, as
shown in FIGS. 7A and 7B. The fourth option is that cam port
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48 is an annular part extending along the entire circumfer-
ence, and is supplied with the discharge pressure, as shown in
FIGS. 8A and 8B. FIG. 9 is a table which summarizes effects
produced by the first to fourth options of FIGS. 5A to 8B in
view of pressure around the vane cam, forces acting on the
vane cam, and driving torque affected by friction. In the table,
the numbers 1 to 4 mean levels of significance of effect in
ascending order.

Option 1

<Pressure on Periphery of Vane Cam>

Since the first part of cam port 48 is supplied with the
suction pressure and the second part of cam port 48 is sup-
plied with the discharge pressure, part of the outer periphery
of vane cam 27 in the suction region is subject to the suction
pressure, whereas part of the outer periphery of vane cam 27
in the discharge region is subject to the discharge pressure.

Force on Vane Cam in Radial Direction

The condition that part of the outer periphery of vane cam
27 in the suction region is applied with the suction pressure,
whereas part of the outer periphery of vane cam 27 in the
discharge region is applied with the discharge pressure,
results in that the entire vane cam 27 is subject to a resulting
force in a direction from the discharge region side to the
suction region side (leftward in FIGS. 5A and 5B). This
resulting force is received by vanes 7 located in the suction
region side. Most part of the resulting force is received by one
or two vanes 7, although the number of involved vanes 7
depends on the rotational position of rotor 6. Accordingly, it
is appropriate to enhance the durability of the contact surfaces
of vanes 7 contacting the inner peripheral surface 80 of cam
ring 8, and also enhance the strength of vane cam 27.

Force on Vane Cam in Axial Direction

Vane cam 27 seals the slots 61 and back pressure chambers
br of rotor 6, so that vane cam 27 is subject to hydraulic
pressure in the axial direction of vane cam 27 or rotor 6.
However, the first part of cam port 48 is supplied with the
suction pressure and the second part of cam port 48 is sup-
plied with the discharge pressure, so that the applied forces
are in balance and the vane cam 27 is subject to little force in
the axial direction.

Effect on Driving Torque

The condition that the vane cam 27 is subject to little force
in the axial direction results in that the friction between vane
cam 27 and pump body 4 is small to have little effect on the
driving torque. However, the force acting on the vane cam 27
in the radial direction presses vane 7 on the cam ring 8 and
thereby causes a small increase in the driving torque.

Option 2

<Pressure on Periphery of Vane Cam>

Since the entire part of cam port 48 is supplied with the
suction pressure, the entire outer periphery of vane cam 27 is
subject to the suction pressure.

Force on Vane Cam in Radial Direction

The condition that the entire outer periphery of vane cam
27 is applied with the suction pressure, results in that the
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entire vane cam 27 is subject to no direct force in radial
directions. However, when in the suction region, the distal
end portion of vane 7 is subject to the discharge pressure and
the proximal end portion of vane 7 in contact with the vane
cam 27 is subject to the suction pressure, so that the vane 7 is
applied with a resulting force inward in the radial direction.
This resulting force is received by vane cam 27. The force
applied to vane cam 27 is smaller than in the option 1, because
the area of the distal end portion of vane 7 is smaller than the
substantially half of the outer peripheral surface of vane cam
27 that is applied with the force in the option 1.

Force on Vane Cam in Axial Direction

Vane cam 27 seals the slots 61 and back pressure chambers
br of rotor 6, so that vane cam 27 is subject to hydraulic
pressure in the axial direction of vane cam 27 or rotor 6.
Accordingly, when in the discharge region, vane cam 27 is
pressed onto front body 42. In FIG. 9, this effect is estimated
as level 3, because vane cam 27 is pressed on the stationary
front body 42 wherein the pressing force has a smaller effect
than in the case of the option 4 detailed below in which vane
cam 27 is pressed on the rotating vanes 7, wherein the level 4
is given to the option 4.

Effect on Driving Torque

Vane cam 27 is pressed on front body 42 in the discharge
region, wherein the pressing force is in a direction away from
the rotating rotor 6. Accordingly, when the eccentric distance
of vane cam 27 changes, the friction between vane 7 and the
inner peripheral surface 80 of cam ring 8 may be increased.
Although the vanes 7 in the suction region are pressed on the
inner peripheral surface 80 of cam ring 8 by vane cam 27, this
condition has only a small effect of increasing the driving
torque.

Option 3

<Pressure on Periphery of Vane Cam>

Since the entire part of cam port 48 is supplied with the
intermediate pressure, the entire outer periphery of vane cam
27 is subject to the intermediate pressure.

Force on Vane Cam in Radial Direction

The condition that the entire outer periphery of vane cam
27 is applied with the intermediate pressure, results in that the
entire vane cam 27 is subject to no direct force in radial
directions. However, when in the discharge region, the distal
end portion of vane 7 is subject to the discharge pressure and
the proximal end portion of vane 7 in contact with the vane
cam 27 is subject to the intermediate pressure, so that the vane
7 is applied with a first resulting force inward in the radial
direction, and the resulting force is received by the outer
periphery of vane cam 27. On the other hand, when in the
suction region, the distal end portion of vane 7 is subject to the
suction pressure and the proximal end portion of vane 7 in
contact with the vane cam 27 is subject to the intermediate
pressure, so that the vane 7 is applied with a second resulting
force outward in the radial direction. These radial forces are
received by vanes 7 in the suction region so that vanes 7 in the
suction region are pressed on the inner peripheral surface 80
of'cam ring 8 to cause a frictional force. The second resulting
force applied to vanes 7 in the suction process is the same as
in the option 2.
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Force on Vane Cam in Axial Direction

Vane cam 27 seals the slots 61 and back pressure chambers
br of rotor 6, so that vane cam 27 is subject to hydraulic
pressure in the axial direction of vane cam 27 or rotor 6.
Accordingly, vane cam 27 is pressed on front body 42 in the
discharge region, whereas vane cam 27 is pressed on rotor 6
in the suction region.

Effect on Driving Torque

Vane cam 27 is constantly pressed on and is sliding with
respect to the rotating rotor 6 and the stationary frontbody 42.
This is a factor of increasing the driving torque.

Option 4

<Pressure on Periphery of Vane Cam>

Since the entire part of cam port 48 is supplied with the
discharge pressure, the entire outer periphery of vane cam 27
is subject to the discharge pressure.

Force on Vane Cam in Radial Direction

The condition that the entire outer periphery of vane cam
27 is applied with the discharge pressure, results in that the
entire vane cam 27 is subject to no direct force in radial
directions. However, when in the suction region, the distal
end portion of vane 7 is subject to the suction pressure and the
proximal end portion of vane 7 in contact with the vane cam
27 is subject to the discharge pressure, so that the vane 7 is
applied with a resulting force outward in the radial direction.
This outward force acts on vane 7 and presses vane 7 on the
inner peripheral surface 80 of cam ring 8, causing a frictional
force. This pressing force is equal to those in the options 2 and
3.Onthe other hand, vane cam 27 is subject to no radial force,
because the outward force applied to vane 7 is in the direction
away from vane cam 27.

Force on Vane Cam in Axial Direction

Vane cam 27 seals the slots 61 and back pressure chambers
br of rotor 6, so that vane cam 27 is subject to hydraulic
pressure in the axial direction of vane cam 27 or rotor 6.
Accordingly, in the suction region, vane cam 27 is pressed
onto the rotor 6.

Effect on Driving Torque

Vane cam 27 is constantly pressed on and is sliding with
respectto the rotating rotor 6. This is a factor of increasing the
driving torque.

After comparison among the foregoing four options, the
first embodiment is provided with the option 2 that cam port
48 is supplied with the suction pressure, because the option 2
has the feature that the forces applied to vane cam 27 and
vanes 7 are relatively small and the adverse effect on the
driving torque by friction is relatively small.

The following summarizes the features of the first embodi-
ment and advantageous effects produced by the features.

<1> A vane pump (1) comprises: a pump body (4); a rotor
(6) housed in the pump body (4), and configured to rotate
about an axis of rotation (O), wherein the rotor (6) includes an
outer periphery formed with a plurality of slots (61); a cam
ring (8) housed in the pump body (4), and arranged to sur-
round the outer periphery of the rotor (6), and configured to
move with eccentricity with respect to the axis of rotation (O)
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of the rotor (6); and a plurality of vanes (7) mounted in
corresponding ones of the slots (61) of the rotor (6), and
configured to project from the corresponding slots (61), and
separate an annular space between the rotor (6) and the cam
ring (8) into a plurality of pumping chambers (r); wherein the
pump body (4) includes a first inner surface (z-axis positive
direction side surface 410 of pressure plate 41) facing an axial
end surface of the cam ring (8) and a first axial end surface of
the rotor (6), and defining axial ends of the pumping cham-
bers (r); the first inner surface (410) of the pump body (4)
includes a suction port (43a), a suction-side back pressure
port (46a), a discharge port (44a), and a discharge-side back
pressure port (46b); the suction port (43a) is located in a
suction region in which each of the pumping chambers (r)
expands along with the rotation of the rotor (6); the discharge
port (44a) is located in a discharge region in which each ofthe
pumping chambers (r) contracts along with the rotation of the
rotor (6); the suction-side back pressure port (464) is located
to hydraulically communicate with a proximal end portion
(back pressure chamber br) of a first one of the slots (61)
under condition that the vane (7) corresponding to the first
slot (61) is in the suction region; the discharge-side back
pressure port (465) is located to hydraulically communicate
with a proximal end portion (back pressure chamber br) of a
second one of the slots (61) under condition that the vane (7)
corresponding to the second slot (61) is in the discharge
region; the suction port (43a) and the suction-side back pres-
sure port (46a) are commonly subject to a suction pressure;
the discharge port (44a) and the discharge-side back pressure
port (465) are commonly subject to a discharge pressure; the
rotor (6) includes a second axial end surface opposite to the
first axial end surface, wherein the second axial end surface
includes a recess (circular recess 62); the vane pump (1)
further comprises: a vane cam (27) mounted in the recess (62)
of'therotor (6), and configured to move with eccentricity with
respect to the axis of rotation (O) of the rotor (6); and a cam
port (48) formed in a surface of the pump body (4) facing the
vane cam (27), and configured to hydraulically communicate
with the recess (62) of the rotor (6); the vane cam (27)
includes an outer peripheral surface configured to contact a
proximal end of each of the vanes (7), and configured to cause
the projection of the vanes (7) along with the rotation of the
rotor (6); and the vane cam (27) hydraulically separates the
proximal end portion (br) of the first slot (61) from the proxi-
mal end portion (br) of the second slot (61). This feature
serves to press vanes 7 outwardly in radial directions, and
maintain suitable contact between vanes 7 and cam ring 8, and
thereby suppress noise due to collision between cam ring 8
and vanes 7, even in situations where the engine and the pump
are rotating at low speed, for example, when the engine is at
start or at idle so that the centrifugal force acting on the vanes
7 is small and the vanes 7 tend to project insufficiently toward
the inner peripheral surface 80 of cam ring 8.

<2>The vane pump is configured so that the cam port (48)
is subject to the suction pressure. This feature serves to make
small the forces applied to vane cam 27 and vanes 7, and
thereby reduce the adverse effect of friction on the driving
torque.

<3>The vane pump is configured so that: the vane cam (27)
includes a through hole (27a) extending axially of the vane
cam (27), wherein the through hole (27a) allows a drive shaft
(5) to pass through, wherein the rotor (6) is rotated by the
drive shaft (5); the pump body (4) rotatably supports the drive
shaft (5) on both axial sides of the rotor (6); and the through
hole (27a) of the vane cam (27) has an inner peripheral
surface, wherein the inner peripheral surface is out of contact
with the drive shaft (5) under condition that the vane cam (27)
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is maximally eccentric with respect to the axis of rotation (O)
of'the rotor (6). This feature serves to allow drive shaft 5 to be
supported at both ends and thereby support drive shaft 5 in a
stable manner.

<4> The vane pump is configured so that the inner periph-
eral surface of the through hole (27a) of the vane cam (27) is
configured in a manner that the vane cam (27) seals the
proximal end portions of the slots (61) under condition that
the vane cam (27) is maximally eccentric with respect to the
axis of rotation (O) of the rotor (6). This feature serves to
suitably seal the distal end portion of back pressure chamber
br even when vane cam 27 is most eccentric with respect to
rotor 6.

The first embodiment may be modified as follows, for
example. Although vane cam 27 is mounted between front
body 42 and rotor 6 in the first embodiment, vane cam 27 may
be mounted between pressure plate 41 and rotor 6. In this
alternative structure, suction-side back pressure port 46a and
discharge-side back pressure port 465 are formed in front
body 42.

Although vane cam 27 includes through hole 274 in the
first embodiment, vane cam 27 may be formed like a disc
without through hole 27a. In this alternative structure, vane
cam 27 is mounted between rotor 6 and pressure plate 41.
Since vane cam 27 includes no through hole 27a, drive shaft
5 is rotatably supported only by front body 42.

The entire contents of Japanese Patent Application 2012-
064765 filed Mar. 22, 2012 are incorporated herein by refer-
ence.

Although the invention has been described above by refer-
ence to certain embodiments of the invention, the invention is
not limited to the embodiments described above. Modifica-
tions and variations of the embodiments described above will
occur to those skilled in the art in light of the above teachings.
The scope of the invention is defined with reference to the
following claims.

What is claimed is:

1. A vane pump comprising:

a pump body;

a rotor housed in the pump body, and configured to rotate
about an axis of rotation, wherein the rotor includes an
outer periphery formed with a plurality of slots;

a cam ring housed in the pump body, and arranged to
surround the outer periphery of the rotor, and configured
to move with eccentricity with respect to the axis of
rotation of the rotor; and

a plurality of vanes mounted in corresponding ones of the
slots of the rotor, and configured to project from the
corresponding slots, and separate an annular space
between the rotor and the cam ring into a plurality of
pumping chambers, wherein:

the pump body includes a first inner surface facing an axial
end surface of the cam ring and a first axial end surface
of the rotor, and defining at least an axial end of the
pumping chambers;

the first inner surface of the pump body includes a suction
port, a suction-side back pressure port, a discharge port,
and a discharge-side back pressure port;

the suction port is located in a suction region in which each

of the pumping chambers expands along with the rota- 60

tion of the rotor;

the discharge port is located in a discharge region in which
each of the pumping chambers contracts along with the
rotation of the rotor;
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the suction-side back pressure port is located to hydrauli-

cally communicate with a proximal end portion of a first
slot of the plurality of slots, the vane corresponding to
the first slot being in the suction region;

5 the discharge-side back pressure port is located to hydrau-
lically communicate with a proximal end portion of a
second slot of the plurality of slots, the vane correspond-
ing to the second slot being in the discharge region;

the suction port and the suction-side back pressure port are
subject to a suction pressure;

the discharge port and the discharge-side back pressure
port are subject to a discharge pressure;

the rotor includes a second axial end surface opposite to the
first axial end surface, wherein the second axial end
surface includes a recess;

the vane pump further comprises:

a vane cam mounted in the recess of the rotor, and
configured to move with eccentricity with respect to
the axis of rotation of the rotor; and

a cam port formed in a surface of the pump body facing
the vane cam, and configured to hydraulically com-
municate with the recess of the rotor;

the vane cam includes an outer peripheral surface config-
ured to contact a proximal end of each of the vanes, and
configured to cause projection of the vanes along with
the rotation of the rotor;

the vane cam constantly hydraulically separates the proxi-
mal end portion of the first slot from the proximal end
portion of the second slot, and

the vane cam seals the proximal end portion of the first slot
from the proximal end portion of the second slot.

2. The vane pump as claimed in claim 1, wherein the cam

port is subject to the suction pressure.

3. The vane pump as claimed in claim 1, wherein:

the vane cam includes a portion defining a through hole
extending axially of the vane cam, wherein the through
hole allows a drive shaft to pass through, wherein the
rotor is rotated by the drive shatft;

10

15

20

25

30

35

0 the pump body rotatably supports the drive shaft on both
axial sides of the rotor; and

the portion of the vane cam has an inner peripheral surface,

wherein the inner peripheral surface is out of engaging

5 contact with the drive shaft under a condition in which

the vane cam is maximally eccentric with respect to the
axis of rotation of the rotor.

4. The vane pump as claimed in claim 3, wherein the inner
peripheral surface of the portion of the vane cam is configured
in a manner that the vane cam seals the proximal end portions
of the slots under the condition that the vane cam is maxi-
mally eccentric with respect to the axis of rotation of the rotor.

5. The vane pump as claimed in claim 4, wherein the pump
body includes a front body and a rear body, wherein the recess
55 of'the rotor in which the vane cam is mounted faces the front
body.

6. The vane pump as claimed in claim 5, wherein the vane
cam, including the portion defining the through hole, is disc-
shaped.

7. The vane pump as claimed in claim 1, wherein an outer
diameter of the vane cam is smaller by twice a length of each
vane than a diameter of an inner peripheral surface of the cam
ring.
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